The rapidly progressive infections of muscle brought about by some members of the genus Clostridium have been investigated by a number of workers during the past ten years. In general, such investigations fell into three groups: investigations of the clostridia found in war wounds and the factors that affect their growth; investigations of the exocellular toxins produced by the pathogenic clostridia and the relation of these toxins to virulence; and investigations of the effect of chemotherapeutic agents on clostridia.
The rapidly progressive infections of muscle brought about by some members of the genus Clostridium have been investigated by a number of workers during the past ten years. In general, such investigations fell into three groups: investigations of the clostridia found in war wounds and the factors that affect their growth; investigations of the exocellular toxins produced by the pathogenic clostridia and the relation of these toxins to virulence; and investigations of the effect of chemotherapeutic agents on clostridia.
Local defense mechanisms of the host appear to play no part in gas gangrenethese infections seem to be primarily the result of an actively growing organism invading a relatively passive host. Much interest has been shown in the toxic exocellular products of the pathogenic clostridia, for the activity of the organisms is largely a reflection of the exocellular toxins produced by them. With regard to the role that such products play in these infections, MacFarlane and Knight (48) have pointed out that in searching for biochemical mechanisms by which bacterial toxins affect the cells of the host, two main hypotheses should be considered: first, the toxin may be a substance which blocks a metabolic reaction of the host by interfering with an essential enzyme system; and second, the toxin may be an enzyme itself, exerting its toxic action by attacking one or more specific substrates which are normal constituents of the cells of the host and which are accessible to the enzyme. Gale (30) has presented an excellent discussion of C. perfringens infections from this point of view.
Since the progress of these clostridial infections seems to be governed more by the properties of the invading organisms than by the resistance of the host, it was thought that it would be interesting and perhaps informative to consider gas gangrene primarily with regard to the bacteria involved, and the factors which affect their growth in the animal body. The surgical literature on gas gangrene has been reviewed by Altemeier and Furste (5) .
This review is restricted, largely, to investigations carried out since the beginning of the second World War, a period when the study of clostridial infections was given impetus by the large number of cases developing in battle casualties. It was deemed desirable to limit consideration of human cases to those arising from wounds of warfare, for it was only in active theaters of war that gas gangrene occurred with sufficient frequency to make valid comparisons possible.
as "unidentified". It is apparent that many species other than those deemed pathogenic can grow in tissue which has been invaded by members of the pathogenic species, or which has been rendered anoxic by impaired blood supply. Although there was considerable variation so far as individual species were concerned, the over-all isolation rate of the various workers was surprisingly uniform: MacLennan (51) found an average of 2.62 species of clostridia per case, Stock (95) an average of 2.56, and Smith and George (91) an average of 2.84. The incidence of Clostridium novyil found by all of these workers was higher than was expected on the basis of the results of investigations made during the first World (52) Stock (95) Smith and (146 cases) (17 cases) (25 cases) War. On the other hand, the incidence of Clostridium septicum reported by Stock and by Smith and George was strikingly low. These workers considered the methods they used to be adequate for the isolation of this organism. Clostridium histolyticum was also much less common than was expected. Clostridium feseri was not isolated by any investigator. Although this species is pathogenic for domestic and laboratory animals, it appears that it is not pathogenic for man. The high incidence of Clostridium sporogenes and Clostridium bifermentans in cases of gas gangrene encountered in Sicily and Italy leads one to expect that this might be associated with the occurrence of the organisms in the soil.
1949] CLOSTRIDIA IN GAS GANGRENE 235
Indeed, it appears likely that many of the clostridia found in wounds of warfare have their origin in the soil. The remainder probably originate from fecal contamination of the wounds. While it is impossible in any given case to ascertain the source of the organisms, the relation between the incidence of clostridial infections and the terrain over which the fighting took place indicates that soil is involved. MacLennan (51, 52) in an excellent series of studies on clostridial infections emphasized this relation with regard to the incidence of gas gangrene in the British Eighth Army. For a considerable time the fighting took place on the almost sterile sand of the Sahara desert; during this period the incidence of gas gangrene was 3.4 per 1000 wounded. When the fighting moved to the more source, but also that the woolen battledress did not harbor significantly more clostridia than did the cotton khaki drill. This point is emphasized because of the opinion held by some surgeons that woolen clothing selectively harbors anaerobes (5, 54, 77) . One observer (29) considered that the contamination of the woolen cloth did not come from contamination of the cloth as such, but occurred while the wool was on the sheep.
Miles, et al. (64) , in an investigation of the bacterial flora of wounds of combat and those incurred in air raids, pointed out that the incidence of C. perfringens in wounds suffered by men in combat was about five times as high as the incidence in wounds of civilian air raid casualties (22.8% compared to 4.1%).
C. sporogenes was found in 10.5% of military wounds and 4.1% of air raid wounds. The higher incidence of clostridia in wounds of combat troops may well be a (26) on casualties sustained in amphibious operations in island warfare in the central Pacific also indicated a close association between soil contamination and the incidence of gas gangrene. The patients he was concerned with included 2664 wounded men; 1229 Navy, 1598 Marine, and 506 Army casualties. These casualties did not include burns. Almost all of the Army and Marine casualties were from land operations, those from the Navy from naval operations. Of 31 possible cases of gas gangrene, all save one were from land casualties.
On the continent of Europe, the incidence of gas gangrene was as high as it was during the first World War. During 1917-1918, the incidence was 3.6 per 1000 (51) (68) . In the island warfare of the central Pacific, the incidence was also high, although somewhat more variable. Ross and Ryan (86) reported an incidence of 45 per 1000 in the Owen-Stanley and Buna-Gona campaigns, and Neel and Cole (68) reported an incidence in amphibious warfare of 7 per 1000. In 160 cases with severe wounds, the latter workers (69) found 27 cases of gas gangrene, an incidence of 169 per 1000 in these selected cases. That the incidence of gas gangrene was not uniform from one island to another is indicated by the report of Potts (76) who encountered no cases in one evacuation hospital.
The only report in which a high incidence of gas gangrene was noted in men who were not exposed to intimate contact with the soil is that of Cutler and Sandusky (20) who reported 18 cases per 1000 in wounds suffered in aerial combat.
The opinion is often expressed that the normal habitat of the pathogenic clostridia is the large intestine of man and animals and that these organisms exist in the soil only as spores. However, the author of this review has been unable to find, in the literature available to him, any evidence in support of this opinion. The results of the investigation of Smith and Gardner (92) indicate that C. perfringens does not always exist in the soil solely in the form of spores. These workers determined the numbers of heat susceptible (78 C for 20 minutes) and heat resistant forms of C. perfringens in soil which had not been subjected to recent fecal contamination and found that the majority of organisms were heat susceptible. They concluded that these probably were vegetative cells and that active growth of C. perfringens probably took place in the soil. The comparatively large numbers of organisms (from 100 to 50,000 per gram) found by them also would be difficult to explain on the basis of fecal contamination. Wan (100) reported that C. perfringens spores were found in numbers as high as 10,000 per gram of soil, but gave no information as to how his data were obtained.
The bacteriology of war wounds has been reviewed by Altemeier (2, 3) . Two studies of the anaerobic bacterial flora of war wounds have been made recently by MacLennan (51) and Rustigian and Cipriani (87) . The results of these authors are given in table 4. It should be noted that those of MacLennan were derived from a study of wounds sustained in the North African desert; consequently, the differences in the incidence of various species may be due, in some measure, to the material contaminating the wound originally. MacLennan particularly emphasized the relatively low incidence of proteolytic species in wounds incurred in the desert.
The bacteria, other than clostridia, found in gas gangrene do not differ appreciably from those found in ordinary contaminated wounds, except, perhaps, for lower incidence of some species. None of the workers in World War II reported the non-clostridial bacteria encountered in the cases of gas gangrene they investigated, but Smith and George (unpublished data) found streptococci in 35 of the 110 cases investigated by them, micrococci in 29 cases, E. coli in ten, [voL. 13 Paracolobactrum sp. in six, Bacillus sp. in four, and Corynebacterium sp. in one. It should be pointed out that the majority of the patients had been treated with sulfonamides; consequently, the incidence of various organisms may not represent that which would have been found in untreated cases of gas gangrene. The frequent occurrence of more than one bacterial form (especially, clostridium plus clostridium, or clostridium plus coccus) is a common characteristic of these infections. It is apparent from the relatively high incidence of pathogenic clostridia in wounds which do not develop gas gangrene that factors other than the presence of the organisms are necessary before progressive infection can develop. Probably the most important factor is the local oxidation-reduction potential of the tissues in the immediate neighborhood of the organi. That the oxidationreduction potential of normal tissues may be too high for the growth of clostridia is indicated by the work of Hanke and Bailey (32) , who found that C. perfringenru (two strains) required an Eh lower than +74 millivolts at pH 7.4, C. 8'porogene8
(1 strain) required an Eh lower than +114 mv. at pH 7.0, while C. histolyticum (1 strain) required an Eh lower than +76 mv. at pH 7.0. Hanke and Tuta (33) found the Eh of the circulating blood to vary between +126 and +246 mv., with 60% of the findings falling between +156 and +186 mv. From this information alone, one would not expect most strains of C. perfringen8 to be able to invade living tissue from the surface of a clean cut in which the adjacent tisue is in equilibrium with the circulating blood. That gunshot wounds cannot be considered in this light is evident from the findings of workers who have investigated wounds and the mechanism of their formation by high-speed missiles. When a small missile strikes a heavily muscled portion of the body such as the thigh, it makes a small hole in the skin, a larger hole in the subcutaneous fat and then pierces the inelastic deep fascia surrounding the muscle through a hole just large enough to admit the missile. It then enters the muscle which responds by active reflex contraction, pulling the damaged fibers widely apart with the formation of a relatively large cavity (65) . During this period, much of the kinetic energy of the missile is transformed into shock wave pressures. Regions of very high pressure are formed immediately in front and to each side of the moving missile. Relatively slow low pressure changes are connected with the behavior of the explosive temporary cavity formed behind the missile (34) . The primary damage to the tissue is due to the crushing of the tissue in front of the missile and the stretching or tearing around the missile path which results from the formation and collapse of the temporary cavity (35) . Localized and sharply defined areas of anoxic muscle are produced, probably as the result of local vascular spasm (44) , and regions of extravasated blood are formed (35) . Furthermore, since several muscles in the limbs are supplied by only one or two blood vessels (65) , any damage to these results in larger areas of anoxic muscle. In this regard, MacLennan (51) pointed out that about 65% of the cases of gas gangrene he investigated were associated with damage to major blood vessels.
If muscle becomes anoxic, the oxidation-reduction potential will soon drop, for the phosphorolytic breakdown of carbohydrate will continue. Since the oxyhemoglobin and oxymyoglobin will soon be deoxygenated and no longer able to function as sources of oxygen, the anaerobic reduction of pyruvate to lactate will take place with a consequent drop in oxidation-reduction potential. Even if no muscle were involved, but only extravasated blood, the Eh would soon drop from about +170 mv. to about +50 mv. (97) . The drop in potential in extravasated blood is also connected with phosphorolysis, for it does not take place in the presence of fluoride or iodoacetate.
The influence of atmospheric oxygen on the oxidation-reduction potential probably is not appreciable, for the rate of diffusion of oxygen through tissue is extremely low and the ability of muscle to consume oxygen is comparatively high; therefore one would not expect to find PO2 of 0.01 atmosphere in mammalian muscle with non-functional blood supply beyond 0.1 to 0.2 mm from the surface (39) .
As the oxidation-reduction potential of the anoxic muscle drops, the pH also is lowered because of the accumulation of organic acids. The relation between time and the drop in pH of muscle with impaired blood supply is shown by the results of Stoner and Green (96) in table 5 . As a result of these changes in oxidation-reduction potential and pH, the catheptic enzymes of the muscle become active, hydrolyzing some of the protein and thus increasing the concentration of amino acids and peptides. In five hours, the concentration of the free amino acids would more than double, if the other amino acids increase in proportion to tyrosine (96) . After a longer time, the rate of hydrolysis probably becomes more rapid as the pH and oxidation-reduction potential of the muscle approach the optimal values for the action of the catheptic enzymes.
In addition to increasing the concentration of available amino acids, the increase in hydrogen ion concentration favors the growth of the clostridia in another way. Hanke 6.5 .
Probably the results of this interplay of factors have led the surgeon to shorten as much as possible the time between wound infliction and surgical intervention, i.e., the length of time within which anoxic muscle possibly contaminated with clostridia remains with a wound. The influence of the length of this period on the incidence of gas gangrene is indicated by the data in table 7, which is taken from the report of Langley and Winkelstein (43) .
From the nutritional standpoint, also, it seems likely that some autolysis of tissue does take place before certain of the pathogenic clostridia can grow in the animal body. The amino acids found by Boyd, Logan, and Tytell (13, 14) (98, 103) . Glutathione, a compound which might serve as a convenient source of cysteine, is also absent from blood serum (103) . Dent and Schilling (21) found no tryptophan in the blood plasma even when the specimens were taken shortly after the feeding of large amounts of protein. If the tissue were undergoing autolysis, however, these two amino acids would be supplied by the action of the catheptic enzymes mentioned above.
It seems likely, then, that there are two important factors necessary for the initiation of the growth of clostridia in muscle-an appreciable amount of tissue with impaired blood supply and a sufficient time lapse after wound infliction. Under such conditions, the action of the enzymes of the tissue probably provide Once growth has started in anoxic muscle, progress of the invading organisms into undamaged muscle is dependent largely upon the production of exocellular enzymes and substances which interfere with the enzyme systems of the host's cells.
Of the pathogenic clostridia, only C. perfringens has been studied in detail, so far as the production of exocellular enzymes is concerned. Such investigations were greatly stimulated by the independent discovery by Nagler (66) and Seiffert (90) that the lecithin-splitting activity of culture filtrates could be correlated with the toxic activity. Further work demonstrated the identity of the lecithinsplitting enzyme and the alpha toxin, the main lethal component of culture filtrates (48, 50) . Crook (19) concluded that there may be several lipolytic enzymes produced by C. perfringens. MacFarlane (47) found that sphingomyelin was attacked as well as lecithin, although cephalin (phosphatidylethanolamine or phosphatidylserine) was not attacked. Zamecnik et al. (104) (71) , Evans (25) , Bidwell and van Heynigen (12) and Bidwell (11) . C. perfringens was found to produce also enzymes capable of hydrolyzing glycogen or starch (30, 93) and ribonucleic acid (93) . Besides the proteolytic enzymes capable of hydrolyzing collagen, another is produced which hydrolyzes gelatin (55) and possibly other hydrolytic products of collagen. There is histological evidence only (83) for the production of an enzyme capable of depolymerizing desoxyribonucleic acid. Schiff (89) has reported that an exocellular enzyme that decomposed blood group A specific substance was found in culture filtrates of this organism.
The "bursting" factor, found in non-toxic filtrates by Fredette and Frappier (28) may be one or more of these enzymes, but until its properties are more clearly defined, it must be considered simply as an "aggressin."
Toxin and enzyme production of the other species of pathogenic clostridia have not been studied in such detail. However, Oakley, Warrack and Clarke (70) investigated the activity of filtrates of C. novyi with regard to toxic antigenic components, of which they found six. They designated the main lethal component the alpha toxin. The beta and gamma toxins were found to be hemolytic lecithinases. The delta and zeta toxins were also hemolytic, but were without lipolytic activity. The epsilon component was found to be responsible for the "pearly layer" phenomenon on nutrient agar. These workers found that the three types of C. novyi could be distinguished by the toxins formed; Type A formed alpha, gamma, delta, and epsilon; Type B formed alpha, beta and zeta; Type C regularly formed none of these, but irregularly formed gamma toxin.
Bernheinaer (8, 9, 10) studied the lethal toxin of C. septicum which he considered to be identical with the hemolysin. He based the identity of the lethal toxin and the hemolysin on the following facts. 1. The lethal activity of various filtrates was proportional to the hemolytic activity. 2. Treatment withhydrogen peroxide reduced both proportionally. 3. They were adsorbed to the same extent by charcoal. 4 . They were adsorbed to the same extent by kaolin. 5 . Adsorption on erythrocytes removed lethal as well as hemolytic activity. 6. Both were destroyed in dilute solution at 36 C. 7. They were inseparable by fractional precipitation with ammonium sulfate. 8. Antihemolytic capacity of antitoxic horse sera was directly proportional to the antilethal capacity. In a study of the kinetics of hemolysis, he found that this resembled in several respects that of enzyme-catalyzed reactions, but differed in the absence of a clearly defined pH optimum. Bernheimer found also that C. septicum toxin was inactivated by the cooked meat present in some of the media he used. Preliminary extraction of the cooked meat with lipoid solvents prevented the inactivation. The lipids isolated in this way did not inactivate the toxin, however.
Detailed studies have been made of the action of crude C. perfringens culture filtrates on tissue by Robb-Smith (83) and by Frazer, et al. (27) . The former investigator concluded that the histological changes could be ascribed to the enzymes present in the culture filtrate, particularly lecithinase, collagenase, and hyaluronidase. All the histological changes found in muscle in gas gangrene due to C. perfringens could be reproduced in vitro with culture filtrates, except for edema and gas formation. Frazer, et al. also used culture filtrates in vitro and noted that visible breakdown of connective tissue occurred before any effect on muscle was noted. Tendon and nerve were more resistant than other tissues; on longer exposure, they too were affected. Dilatation and thrombosis of the microscopic blood vessels were regularly seen, as was swelling of the vascular endothelium. Kropp and Smith (42) investigated the tissue changes occurring in infections due to C. perfringens in guinea pigs, restricting their observations to the area immediately around the infection. They also emphasized the effect found on connective tissue, and the swelling and fragmentation of the collagenous fibers. Leukocytes, fibrocytes, reticular cells and histiocytes broke down rapidly, not only in the immediate vicinity of the invading organisms, but some little distance from them. Blood vessels were found to be thrombosed with the endothelium frequently ruptured.
The roles played by the individual enzymes in infections by C. perfringens have not been ascertained with certainty; such knowledge awaits the testing of the isolated enzymes in the animal body. However, it seems likely that the principal function of the enzymes in promoting the growth of C. perfringens in vivo may be tentatively outlined.
The glycogen-splitting enzyme probably serves to supply the organisms with carbohydrate for the energy for protoplasm and enzyme synthesis. The ribonuclease, and perhaps the desoxyribonuclease, aid indirectly in furnishing the organisms with adenine and with uracil, two factors necessary for optimum growth (13) . The hyaluronidase, by breakdown of hyaluronic acid probably renders the tissues more permeable to the spread of the organisms and also furnishes them with N-acetyl-glucosamine, which stimulates the production of alpha toxin by some strains (85) . The lecithinase serves to disrupt the cell membranes of various cellular elements of the tissues, including the phagocytic cells, and makes accessible to the other enzymes substrates which otherwise would be protected by the cell membrane. Furthermore, the lecithinase, as a result of its action on protein-lipid complexes in the muscle, frees appreciable amounts of various lipids (27, 49, 83) , some of which serve to stimulate the formation of more lecithinase, as purified lecithin has been found to do (1) .
The collagenase appears to be of prime importance in the progress of C. perfringens into uninfected muscle. Not only does this enzyme aid in breaking down the architecture of the muscle groups through destruction of connective tissue, but it also supplies the organisms with amino acids and peptides at a rate higher than that of the catheptic enzymes of the muscle. It probably also furnishes the factor necessary for lecithinase production which Adams, Hendee, and Pappenheimer (1) found in enzyme-hydrolyzed casein. Whether or not this factor is identical with that found by van Heynigen (38) in autolyzing horse muscle is uncertain. It is apparent, however, that the collagenase furnishes all the peptidelike substances required for growth and enzyme production by C. perfringens.
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It appears that both the collagenase and lecithinase aid in the destruction of capillaries. The collagenous reticular sheath around the capillaries (56) is probably attacked by collagenase, while the endothelial cells composing the capillary walls apparently are destroyed by the lecithinase, resulting in increased capillary permeability. It appears that increase in capillary permeability (63) and the vasodilatation and thrombosis regularly seen (27, 42) cause the accumulation of fluid in intercellular spaces. As Mullally (65) has pointed out, such accumulation of fluid within the inelastic fascial sheath results in increased pressure which interferes with venous return and lymphatic drainage. The production of carbon dioxide and hydrogen from the fermentation of muscle glycogen and amino acids within the inelastic sheath further serves to accentuate pressure changes. With impairment of venous return and thrombosis of the capillaries, the blood supply to the immediate area is lessened, and with the consequent drop in oxidationreduction potential and pH, a new portion of muscle is then made suitable for the growth of the clostridia, and the progress of the infection can continue.
It must be noted, however, in any consideration of the action of the exocellular enzymes, that Evans (22) was unable to find any evidence that antisera with considerable capacity for neutralizing hyaluronidase had any effect on the progress of infections by C. perfringens. This same worker (23) from the results of a study of lecithinase, hyaluronidase and theta toxin production of a number of strains of C. perfringens, concluded that virulence was generally associated with lecithinase-the production of hyaluronidase and theta toxin in vitro was not associated with virulence in vivo. With regard to sera with anti-collagenase activity (24) , it was not demonstrated that it conferred any protection nor did it appear to enhance the protective properties of alpha antitoxin. However, in comparing different strains of C. perfringens, Evans (25) did find some relationship between the production of collagenase, the production of lecithinase and virulence for guinea pigs. It was pointed out that among the pathogenic clostridia, muscle destruction in vivo is produced to a marked degree only by the two collagenase-producing species, C. perfringens and C. histolyticum, and not by species incapable of producing collagenase (C. tetani, C. novyi, C. septicum).
A number of workers have investigated the relation between pathogenicity and in vitro production of hyaluronidase and lecithinase. The results of such experiments should be interpreted with caution where no relation is found to exist, unless the adequacy of the medium for toxin production by various strains has been considered. Growth of C. perfringens does not necessarily result in the production of exocellular enzymes, and there appears to be some variation from strain to strain so far as optimum conditions necessary for the production of the enzymes are concerned. Robertson and Keppie (84) compared the in vitro production of toxin of strains apparently responsible for active infections with strains which seemed to be present as wound contaminants. In general, strains from active infections were more toxigenic than the wound contaminants. McClean, Rogers and Williams (58) found that of 32 strains of C. perfringens studied by them 12 produced hyaluronidase, 11 of these being toxigenic. Of 20 strains that did not produce hyaluronidase, 11 were toxigenic. All of 20 strains of C. septicum and 7 of 15 strains of C. novyi produced hyaluronidase. Keppie and Robertson (41) investigated strains of C. perfringens from various sources for pathogenicity in guinea pigs, production of alpha toxin, production of hyaluronidase, and formation of capsules. They found little relation between pathogenicity and the other characteristics. Kass, Lichstein and Waisbrenn (40) investigated the production of hyaluronidase and lecithinase in relation to virulence in 94 strains of C. perfringens isolated from soil and feces. They found 41 strains to be virulent for mice, of which 83% produced lecithinase and 47% hyaluronidase.
Altemeier and Furste (5) studied the virulence of 15 strains of C. perfringens isolated from soil and 25 strains isolated from wound infections of various degrees of severity. They found that the virulence of strains isolated from infected wounds was much greater than that of strains isolated from soil; that the virulence of strains isolated from localized infections was sometimes as high as the virulence of strains from fulminating cases; that there was no measurable correlation between the virulence of these strains for animals with closed wounds containing crushed muscle and dirt and their relative ability to produce alpha toxin, theta toxin, and hyaluronidase in vitro; and that the virulence as determined by the crushed muscle and dirt technique did not correspond with that determined by the simple injection of bacteria. It appears from these findings that factors other than exocellular enzyme production are of importance in determining virulence. Whether these factors are those stressed by Butler (16, 17) -capsule production, smooth colonies, and resistance to phagocytosis-cannot be determined from the evidence at hand. However, Miles (62) stated that there was a lack of association between the capacity of toxin-free suspensions to resist bactericidal properties of blood and the capacity to produce gas gangrene. MacFarlane and MacLennan (49, 53) advanced the opinion that the lethal action of the alpha toxin on the host is not due to the enzyme activity per se, but is due to the absorption by the host of some toxic substance derived from muscle tissue which has been acted on by the lecithinase. Although no crucial evidence has been advanced, the following facts support this hypothesis: 1. Antitoxin containing antibody to alpha toxin is usually of slight value so long as infected muscle remains within the body. 2. A lethal dose of toxin given intramuscularly is larger than one given intravenously. 3 . Alpha toxin given intravenously causes hemolysis of the red cells in the circulating blood, that given intramuscularly does not. 4. Toxin production in vivo seems to be associated with the growth of the clostridia in muscle. Growth of C. perfringens in other tissues usually does not yield infections similar to gas gangrene (51, 75) . 5 . Alpha toxin is rapidly and strongly adsorbed by muscle in vivo.
The interesting investigation of Zamecnik, Folch and Brewster (105) on the protection of animals against C. perfringens toxin was based on the assumption that protection was required against the lecithinase as such. They found that intravenous injection of certain purified lipids simultaneously with the toxin conferred temporary protection. Since only lipid preparations hydrolyzable by C. perfringens filtrates exerted such protective effect, it appeared that protection was afforded simply by supplying such an excess of substrate in the circulating blood that only a comparatively small amount of lecithinase could attach to substrate in the tissues.
In another investigation, Zamecnik and Lipmann (106) found that antitoxin and lecithin competed for the lecithinase, providing an explanation for the coexistence in the circulating blood of both antitoxin and lecithinase. Since the enzyme-substrate complex was easily dissociable and the enzyme-antitoxin complex was much less so, eventually the antibody competed successfully for the enzyme. The physiological action of C. perfringens toxin and C. novyi toxin was also studied by this group (8, 144) .
It seems unlikely from the work of Brown, McIntosh and White (17) that the histidine decarboxylase of C. perfringens has much effect on the host. Although histamine is formed by the decarboxylation of histidine, the increase in histamine content of gangrenous muscle (30 to 230%) seemed insufficient to cause appreciable effect, even locally.
CHEMOTHERAPY OF GAS GANGRENE
In spite of the advances in chemotherapy that have been made in recent years, it appears that none of the newer chemotherapeutic agents markedly affects the progress of clostridial infections of man. The sulfonamides have not shown any appreciable effect in the treatment of gas gangrene (18, 43, 51) and from the work of Ryan et al. (88) it appears that the use of analogs of growth factors other than p-aminobenzoic acid offer but little hope. Antibiotics other than penicillin tested by these workers-penicillin B (notatin), gliotoxin, gramicidin, tyrothricin, streptothricin and streptomycin-were less effective in laboratory animals than was penicillin. Zinc peroxide, urea peroxide, and pyrophosphate peroxide were also ineffective.
Although some clostridial infections in laboratory animals can be controlled by the use of penicillin, the effect of this agent in cases of gas gangrene is slight. MacFarlane (46) concluded that it could not be demonstrated that penicillin decreased the mortality rate in 185 cases considered by her (see table 8 ). It should be pointed out, however, that there is a possibility that the doses of penicillin used in humans were too low. Altemeier, Furste, and Culbertson (6) concluded, from the results of a well-planned series of experiments in guinea pigs, that human dosage of penicillin in cases of gas gangrene should be about 8 million units a day. The dosage employed by most surgeons in the armed forces was 200,000 to 400,000 units per day (99) . Also, it is possible that penicillin is rendered inactive by reducing substances produced by the disintegrating tissue and the growing bacteria. There is evidence suggesting that penicillin acts by promoting the dehydrogenation of -SH groups to S-S groups more rapidly than the organisms can restore -SH groups (78) . Most pathogenic clostridia produce hydrogen as one endproduct of carbohydrate and amino acid fermentation and their ability to restore -SH groups should be considerable. There is the further possibility that penicillin is inactivated locally by nucleic acid released from the cells of the host by the action of the bacterial or tissue enzymes, for Pandalai and George (73) have demonstrated that penicillin could be inactivated in vitro by nucleic acid. 
CLOSTRIDIA IN GAS GANGRENE
The inability of the chemotherapeutic agents to prevent the initiation of clostridial infections is explicable if we consider that the bacteria grow first in muscle which is not in free equilibrium with the circulating blood. The agent can reach the organisms only by diffusion and this would be inicient to allow the development of an appreciable concentration in a short time, since the concentration of a diffusing substance at any point will be. inversely proportional to the square of the distance through which it has diffused. In considering the treatment of established infections with chemotherapeutic agents, it appears that here, also, there may be considerable difficulty in bringing the agent into contact with the organisms. As Miles and Miles (63) have shown, C. perfringens The isolation and identification of clostridia is somewhat more difficult than is the isolation and identification of many aerobic bacteria. Isolation is sometimes rendered tedious by nutritional requirements and by tendency to swarm. Identification is often troublesome because of discrepancies in reported characteristics and because of the apparently inherent variability of some strains.
With regard to complex nutritional requirements, some strains of the pathogenic clostridia are extremely fastidious when first isolated, growing very poorly on the surface of blood agar plates, even though the same medium will support good growth of stock cultures of the same species. In general, the nutritional inadequacy of plating media is shown by the appearance on plates streaked from infected muscle of small satellite colonies of one species close to colonies of another. A basal medium prepared from infusion of fresh muscle or liver, or the addition of yeast extract thereto, usually supplies sufficient growth factors to satisfy even the fastidious strains.
Swarming may be lessened by the use of plating media with a relatively dry surface, as Reed (79) has suggested. A more nearly certain method is the use of plating media containing 4 to 6% agar. Colony form and hemolytic pattern on such media are not identical with those on media containing 1.5 to 2% agar, but the reduction in the swarming is well worth the extra labor involved in picking colonies of somewhat uncertain characteristics.
The biochemical characteristics of the clostridia most apt to be encountered in wounds have been described by Spray (94) , Reed and Orr (80), and more recently by Reed (79) . Sirce a number of species of clostridia are not considered in these reports, Bergey 's Manual of Determinative Bacteriology should be consulted. The information offered by Weinberg et al. (102) , is also of value. 2 There are some discrepancies in the literature with regard to the characteristics of certain species. In general, the discrepancies concern the production of hemolytic zones on blood agar plates, the reduction of nitrate, the formation of indole and hydrogen sulfide, and the fermentation of certain carbohydrates. With regard to hemolytic zones around surface colonies, this is clearly a function of the plating medium as well as of the species of animal from which the blood was taken. The variation that can be obtained in this regard is illustrated by a comparison of the reports of Reed and Orr (80) and Reed (79) . The former workers reported that no hemolytic zones were found around colonies of C. tertium, C. fallax, C. sphenoides, C. capitovale and C. cochlearium on blood agar plates, while in a more recent article Reed (79) described colonies of these species as being surrounded by zones of hemolysis.
Reed (81) has pointed out that the accumulation of indole in cultures of certain clostridia is governed by the relative rates of two reactions-the rate at which indole is formed and the rate at which it is broken down-and, consequently, that a slight modification in the rate of either reaction would be sufficient to change the results of a test for indole. A somewhat similar situation seems to exist with regard to the formation of nitrite from nitrate. This may explain, in some measure, the discrepancies that exist regarding the formation of indole by C. sphenoides, C. capitovale, and C. tetani, and the reduction of nitrate exhibited by C. sphenoides.
Lack of agreement as to the production of hydrogen sulfide probably stems largely from the use of different media by different investigators. As Reed and Orr (80) have pointed out, almost all species of clostridia will produce at least a trace of hydrogen sulfide if grown on a medium rich in organic sulfur. Different media have been used by various investigators to determine this characteristic. Consequently, if the findings of one author are to be used for identification, the particular medium that he worked with must be used. The lack of agreement with regard to the fermentation of various sugars by certain species can be explained only by the supposition that certain species are extremely variable. Richard (82) encountered variation within single strains in fermentation of sugars, except for glucose and fructose, and in the ability to hydrolyze starch upon repeated examination of strains of butyric acid bacteria. IAkewise, Weinberg and Mihailesco (101) found a good deal of variation in the ability of C. feseri and C. septium to ferment sucrose and salicin. Possible variability in the media as a cause of the lack of agreement has not been adequately explored.
In general, however, these discrepancies give rise to less difficulty than might be supposed, for other characteristics can often be used for tentative identification. The latter is particularly true of the toxigenic species, in which neutralization of toxin by monovalent antitoxin can be used. Also, the morphological characteristics seem to be comparatively stable, so that the determination of spore shape and position can usually be relied on to give worthwhile data. However, some species do not readily form spores. The determination of motility by the use of semi-solid agar also provides reliable information. However, since the great majority of the clostridia are motile, this information is of most value in the identification of the non-motile species. The proteolytic activity of various strains of the same species is usually quite uniform, and the determination of this characteristic provides data almost as reliable as does the determination of morphological characteristics. At the present time, there has not been sufficient work done on the antigenic composition of the clostridia to allow the use of serological methods, other than antitoxin neutralization, for the determination of identity.
It is apparent that our knowledge of the clostridia is still fragmentary. As the situation now stands, a number of species are ill-defined, and with regard to others, there is no agreement on the variation that is to be expected within a single species. It is for these reasons that workers in the field report rather large numbers of strains as "unidentified". There seems to be little hope that the situation will be clarified until detailed investigations, using modern methods, are made of the morphological and metabolic characteristics of many species. Such investigations should include the examination of a number of recently isolated strains, for there is some doubt that stock cultures always remain representative of their species.
A number of plating media have recently been devised for the tentative identification of certain species particularly the pathogenic ones. McClung and coworkers (59, 60) described an egg-yolk plating medium which they stated could be used for the presumptive identification of C. perfringens, C. novyi, C. bifermentans, C. hemolyticum, C. botulinum, C. parabotulinum, and C. sporogenes. Lyons and Owens (45) have recommended the use of Wilson-Blair medium for the rapid recognition of the clostridia involved in gas gangrene. They found that this medium was blackened by C. perfringens, C. multifermentans, C. tertium, C. novyi, C. sphenoides, C. septicum, C. bifermentans, and C. sporogenes. Nagler (67) has described a medium containing 10% sheep red cells and 5% egg-yolk for the presumptive identification of C. novyi. Gordon and McLeod (31) have reported that heated-blood agar containing benzidine could be used for the rapid identification of this organism. Petrie (74) has suggested that specific antitoxin be added to plating media for the rapid identification of toxigenic species. Colonies of species against which the antitoxins were prepared were surrounded by concentric rings of precipitate. Hayward (36) has recommended the use of 20% human serum in plating media for the demonstration of C. perfringens by the Nagler reaction, increasing the specificity of the test by spreading half the plate with C. perfringens antitoxin.
The acrolein test for C. perfringens has been modified and advanced as a method to be used with mixed cultures (37) . In this modification, the specimen is inoculated into glycerin broth which is incubated, and the presence of acrolein is demonstrated by the use of Schiff's reagent. Since this reagent is not specific for acrolein but will respond to almost any aldehyde, the specificity of the test for C. perfringens is doubtful. Similarly, the use of the "stormy fermentation"
of milk for the demonstration of the presence of C. perfringens in mixed cultures has again been advanced (4) , apparently without considering that other organisms which may give a similar reaction are also found in wounds. Furthermore, the use of a drop of the whey remaining after such a fermentation for the purpose of demonstrating lack of motility is not to be recommended.
In connection with such tests, it should be emphasized that the results are to be interpreted with caution. Because of the high incidence of pathogenic clostridia in wounds which never develop gas gangrene, the presence of a member of a pathogenic species cannot be taken as evidence that progressive infection has occurred, or even that it is likely to occur. Furthermore, in cases of active infection, the fact that a strain of a pathogenic species has been isolated does not necessarily indicate that it alone is responsible for the infection. Smith and George (91) pointed out that the distribution of clostridia in infected muscle is not always uniform. Consequently, the demonstration of one pathogenic species should not lead to the conclusion that it is the only one involved. Consideration must also be given to the possible roles played by the "non-pathogenic" clostridia and by the organisms not belonging to the genus. Quantitative data with regard to the numbers of various species present in a specimen would be of help and would also furnish desirable information regarding the role played by comparatively non-toxic strains, such as C. sporogenes or most strains of C. bifermentans, when they grow in association with toxigenic species.
